The enterotoxigenic Escherichia coli (ETEC) strain Ec2173, causing post weaning diarrhoea in swine, harbours six plasmids ranging from 13 to 200 kb in size. The heat stable toxin genes sta, stb and a tetracycline resistance gene were located on a self conjugative 120-kb plasmid, called pTC. In the cloned ColE1 type origin of replication of pTC a deletion was detected compared to other ColE1 replicons affecting the replication modulator gene rom. Epidemiological studies on ETEC isolates showed that pTC-like plasmids are widely distributed among porcine ETEC strains; thus representing an example of co-evolution of antibacterial resistance and virulence in pathogenic E. coli.
Introduction
Enterotoxigenic Escherichia coli (ETEC) strains are an important cause of diarrhoea in infants and travellers in the human population and they are also responsible for diarrhoeal diseases of animals such as postweaning diarrhoea of swine. The disease requires colonisation by ETEC and the elaboration of one or more enterotoxins encoded by plasmids (for review see [1] ). Adhesins of ETEC are fimbriae/pili, which are usually host speciesspecific, and most of them are located on plasmids. For example, CFA I and CFA II (also named F2 and F3, respectively), are found in strains from humans, the K88 (also named F4) fimbriae are found in strains from piglets; K99 (also called F5) fimbriae are associated with strains from calves, lambs and newborn pigs. ETEC strains colonise the small intestine of weaned pigs by adhering to the small intestinal epithelial surface and attaching to the microvillus membrane. Following colonisation, the ETEC strains are able to transmit their enterotoxins to the small intestinal epithelium more efficiently. Enterotoxins produced by porcine ETEC include the LT (heat labile) toxin and/or the ST (heat stable) toxins [2] .
ST toxins are low-molecular-mass peptide toxins that retain toxicity after incubation at 100°C for 30 min, whereas LT loses activity under these conditions [3] . One of the ST toxins, STa (formerly called STI) is generally assayed in suckling mice and it is encoded on plasmids as part of the transposon Tn1681 [4] . The stb gene (formerly called STII) [5, 6] generally assayed in jejunal loops of weaned pigs encodes a 71-aa polypeptide starting with a typical 23 amino acid signal peptide. The stb gene is known to be located on plasmids and is reported to be part of a 9 kb transposon designated Tn4521 [7] [8] [9] .
Strain Ec2173 is a representative of porcine postweaning ETEC carrying the F18 fimbrial adhesin. The strain was isolated in Hungary, from the small intestine of a weaned pig that died due to diarrhoea after weaning and was identified as an O147:K + , NM, STa + STb + Hy +-
F18ac
+ strain [10] [11] [12] [13] . In this study, we report that pTC, one of the large self conjugative endogenous plasmids of this strain, contains tetracycline resistance genes as well as the stb and sta toxin genes. Curing of this plasmid resulted in the loss of toxicity and of Tc R without loss of the adhesive fimbrial antigens (F18ac). All of these observations together with the results of epidemiological studies revealed that pTC and pTC-like plasmids probably represent one of the major virulence factors in diarrhoeal disease of swine.
Materials and methods
2.1. Bacterial strains, plasmids and DNA techniques E. coli strains and plasmids used are listed in Table 1 . E. coli strains were isolated from the intestine of diarrhoeal pigs from the USA and Hungary (Table 3) .
Common techniques not described in detail were performed according to [14] . Total DNA was purified as described by Kiss and Olasz [15] . Large plasmid DNA was prepared by the slightly modified Kado-Liu procedure [16] . The method was modified by adding 10 ll RNAseA (10 mg ml À1 ) after the suspension of cells in TE buffer. DNA sequences were determined using the ABI Prism 310 Genetic Analyzer and MWG Biotech LI-COR DNA Sequencer model 400 automated sequencer. Computer analysis of sequences was performed with the GCG software package [17] .
Testing the conjugation ability of pTC
The strains S17-1, TG1 and HB101 were transformed with pTC and transformants were selected according to their Tc R . At least three independent colonies were grown at 37°C in 2 ml LB supplemented with Tc. Then 0.1 ml of these cultures was mixed with 0. 
Km
R Cm R Ap R phenotype were grown overnight at 37°C in 2 ml LB in the presence of the appropriate antibiotics (passage 0). The cultures were diluted 200-fold in LB and grown without selection. This step was repeated five times (1-5 passages, representing about 50 generations). The number of bacteria exhibiting different phenotypes was determined after each passage on LB plates supplemented with one antibiotic (Km or Cm or Tc) and the phenotype of the bacteria for the non-selected markers was determined by replica plating.
In vivo testing and preparation of STa and STb enterotoxin
Testing of STa enterotoxin was done using 18 h, 37°C shaken TSB culture supernatants of the test bacteria for the intragastric inoculation of baby mice and the results were expressed as the ratio of the gut/body weight in grams as described [18] , using the porcine E. coli strain 987 (O9:987P, STa) as a positive control [19] . For the STb toxin assay, bacteria were cultured in TSB as above and sterile supernatants were mixed with trypsin inhibitor (400 lg ml À1 ) in equal amounts and inoculated into approximately 8 cm long, ligated jejunal loops of 6-week-old pigs (5 ml/loop). The abdominal incisions were closed and pigs were kept in postoperative anaesthesia for two hours, followed by euthanasia and the volume of fluid content of each loop was measured [20] . Results were expressed in millilitres of content per centimetre of loop length. For testing STb enterotoxin production, Ec2173 was used as positive control. For both tests the nontoxigenic porcine E. coli strain 123 (O43:K À :H28) served as negative control. 
J5-3 Rif R K12 strain used as recipient in conjugation experiments Ec2173 was proven to produce the STa and STb toxins, as indicated by the results of the baby mouse test and of the ligated jejunal loop test in pigs, respectively (Table 2 ). Ec2173 produced the F18ac fimbriae as detected by serological assays, and adhered to small intestinal epithelial brush borders of weaned pigs in vitro in a mannose resistant manner (Table 2 ). Ec2173 showed resistance for tetracycline (10 lg ml À1 ) and a slight resistance for kanamycin (5 lg ml À1 ). In a recent work it was reported that sta and stb genes of Ec2173 are part of a pathogenicity island [21] . In order to locate the sta and stb genes, the plasmid profiles of E. coli Ec2173 and of several other wild type isolates (Ec2152, Ec2172, Ec2185 and Ec2188) were analysed. DNA hybridisation experiments using sta, stb and ahemolysin probes (Figs. 1(A)-(D)) revealed that the toxin genes sta and stb were indeed located on these plasmids, however, the exact assignment of the hybridisation signal to the plasmids was not possible due to the similar molecular weight of large plasmids. The plasmid pattern of Ec2173 was further investigated and it turned out that this strain harboured six plasmids of approximately 200, 120, 48, 16.3, 15.6 and 13.8 kb (Fig. 1(E) ). Checking the hybridisation experiments, using the f18 fimbrial gene probe, showed that the 200-kb plasmid, called pF18, contained the genes responsible for F18 fimbriae production [22] . In the same study it was also verified that the pF18 plasmid can be transferred by conjugation into various E. coli strains such as XL1-Blue. The pF18 transconjugants 211F181 and 211F182 did not carry the sta and stb toxin genes (Figs. 1(C) and (D), lanes 6 and 7), indicating that these toxin genes are located on other plasmids. Since large plasmids very frequently harbour antibiotic resistance determinants, further characterisation of the plasmids was based on the determination of the antibiotic resistance pattern of the Ec2173 strain. However, Ec2173 showed only tetracycline resistance. In order to verify the hypothesis, that one of the large plasmids harbours the Tc R resistance gene, HB101 and TG1 strains were transformed with plasmid DNA derived from Ec2173 and Tc R colonies were selected. Hybridisation experiments indicated that the Tc R TG1 transformants harboured the sta and stb toxin genes, therefore, sta and stb have to be located on the tetracycline resistance plasmid (Figs. 1C and D, lane 8) . The plasmid had the molecular weight of approximately 120 kb and was called pTC.
Characterisation of pTC and the determination of its origin of replication
In order to test the conjugation ability of pTC, the plasmid was introduced into the strains S17-1, TG1 and HB101 (HB101 does not harbour mobilisation or transfer functions, TG1 carries an F 0 plasmid lacking the ability to be conjugated and S17-1 has a mobilisation function integrated in the chromosome). Subsequently we used the pTC cured Ec2173 derivatives NB-1/36, 2/2 and 2/11 (described below) as recipients (Fig. 1, lanes  9-12) . As a result, we were able to detect in all three cases the transfer of the Tc R marker from donor to recipient bacteria. The frequency of the transfer varied between 1.6 · 10 À5 and 2.7 · 10 À4 per recipient bacteria, F18ac was determined by immunofluorescence and slide agglutination using absorbed antisera (originally called anti 2134P sera) as described by Nagy et al. [11] and by PCR [35] . Hly: presence of haemolysis (as indicated on 5% sheep blood agar). pTC: presence of plasmid pTC (as indicated by tetracycline resistance). NA, non applicable. a Presence of STa enterotoxin was determined by gut/body ratio in baby mouse. The gut-weight, and the body weights were measured in grams. b Presence of STb enterotoxin was determined by ml/cm fluid in ligated porcine intestine. c Presence of non-haemagglutinating, mannose resistant (M R ) fimbriae (F18ac) measured as adherent bacteria/brush border in presence of 0.5% mannose.
indicating that pTC is self-transmissible, and presumably carries a complete set of transfer and mobilisation genes.
To test the stability of pTC in Ec2173, we have tried to cure pTC from that strain. However, the application of conventional curing methods (recombinational replacement, temperature shift, ethidium bromide starvation) have failed. Similarly, the introduction of the Km R pTKm5 plasmid into Ec2173 by means of electroporation indicated the stability of pTC: when the transformed strain containing pTKm5 was grown in absence of both Tc and Km for approximately 50 generations, it was only possible to detect Km S Tc R segregants (103/ 5431 colonies). However, neither Km S Tc S nor Km The sequence between positions 387 and 3572 showed significant homology (92.11% identity) to Shigella sonnei plasmid pScol (EM_24BA:AB062753) which has a ColE1 type origin of replication. The corresponding part of the pTC sequence however, contained a 464 bp long gap beginning at position 973 compared to pSco1. The ColE1 type origin of replication of pTC was located between positions 390 and 968. The region coding for the Rom (RNAI modulator) protein is truncated in pTC (its C-terminal part is affected by the deletion mentioned above). It is noteworthy that the Rom protein has a regulatory function in plasmid replication [23, 24] . The origin of replication was followed by the operon coding for the plasmid mobilisation proteins MobA, MobB, MobC and MobD. The sequences 1-386 and 3573-4761 showed no significant homology to any sequences in the EMBL database.
Induced changes in the plasmid profile of Ec2173
The segregation of pTKm5 in Ec2173 but the maintenance of pTC (see above) incited us to develop a multicomponent curing system (Fig. 2(A) ) for the exclusion detailed plasmid profile of the Ec2173 strain. Southern hybridisation was performed according to the manual enclosed with the ECL Direct Nucleic Acid Labeling and Detection System (Amersham Biosciences Europe GmbH, Freiburg Germany). DNA probes in Southern hybridisation experiments for detection of sta, stb and the a-hemolysin genes were used as described by Lee [5] and Fekete [21] . Lanes: 1: EC2152; 2: Ec2172; 3: Ec2173; 4: Ec2185; 5: Ec2188; 6: 211F181; 7: 211F182; 8: TG1 (pTC); 9: NB1/32; 10: NB1/36; 11: NB2/2; 12: NB2/11; 13: J5-3; 14: XL1-Blue. of pTC. In this experimental setup at least eight plasmids (six endogenous -including pTC -and two newly introduced ones) were present in the same bacterial cell. Some of these plasmids belong to the same incompatibility group (at least pTC, pTKm5 and pFOL547) but they harboured different antibiotic resistance marker genes thereby making their selection and identification possible. In this situation a very strong competition can occur for the possibility of replication. Therefore, it was assumed that in this experimental setup the segregation of one, two or even three of the plasmids pTC, pTKm5 and pFOL547 could occur (Fig. 2(A) ).
To test this assumption, the Cm R plasmid pFOL547 was introduced by conjugation into Ec2173 already harbouring the Km R plasmid pTKm5 (Fig. 2(A) ). Km R Tc R Cm R bacteria were selected and six colonies were chosen (called NB35 through 40) for a segregation/maintenance experiment (see Section 2). The frequency of Km R bacteria was determined in each passage and the Km S colonies were checked for the presence of the Cm R and Tc R markers. The Tc S phenotype is presumably due to the loss of pTC while the Cm S and Km S phenotype represent the segregation of pFOL547 and pTKm5, respectively.
The rapid loss of the Km R phenotype was observed in different Ec2173 derivatives (Fig. 2(B) ). After five passages (ca. 50 generations), the proportion of Km R bacteria were about 10 À5 -10 À6 in the population -indicating the loss of pTKm5. The Km S bacteria were tested for sensitivity for antibiotics Tc and Cm. In most of cases, the loss of the Km R marker occurred together with the loss of Cm R and Tc R markers (Fig. 2(C) ; results of the fifth passage). The Km S Cm S Tc S segregants contained neither pTKm5 nor pFOL547 or pTC, as was verified by the determination of the plasmid profile (Fig. 1 , lanes 9-12; strains NB1/32, NB1/36, NB2/2 and NB2/11). This result is in accordance to the expected outcome of the curing assay. It was also shown that pTKm5, pFOL547 and pTC cured strains also lost sta and stb (Figs. 1(C) and (D); lanes 9-12) -indicating that these genes should have been located on plasmid pTC.
Phenotypic testing of Ec2173 and its pTC À derivatives
Ligated loop experiments have proven that mutants, having lost pTC, also lost their ability to produce STb (Table 2) . Similarly, the baby mouse test showed that pTC cured bacteria have lost their STa producing ability as well. At the same time the parent strain and its pTC cured derivatives all retained their mannose resistant in vitro adhesiveness to porcine brush borders, they agglutinated in anti-F18 antisera and kept their haemolytic phenotype (Table 2) indicating the maintenance of plasmid pF18. Taken together, the detailed molecular, immunological and physiological analysis of the pTC cured strain Ec2173 revealed that no toxic effect was observed but the major antigens, the F18ac filaments of Ec2173, were retained.
Epidemiologic studies on ETEC and ETEC/VTEC strains
In order to assess the occurrence of pTC or pTC-like plasmids, several E. coli ETEC and ETEC/VTEC strains isolated from weaned pigs were investigated (Table 3) . These strains, representing two strain collections of different geographical origins (USA and Hungary), were tested for characteristics of pTC (Table 3 ). In one of them, the presence of stb and its 5 0 flanking region stbfl was determined by PCR reaction [21] . All 27 strains harboured stb and in 19 cases the presence of stbfl was also detected. This finding indicates that stb is much embedded in its genetic vicinity. Most of the tested strains (21 out of 27) also harboured the tetracycline resistance genes tetA, tetB and/or tetC. The concomitant presence of stbfl and tetB, indicative for pTC, was detected in 11 cases. No significant correlation was found between the fimbrial type and the presence/absence of stb, stbfl region and tet genes. This latter observation is not surprising, because as described earlier, the gene encoding F18ac is located on another plasmid [22] . pTC-like plasmids were isolated independently from very different geographical origins indicating the worldwide distribution of pTC-like plasmids in ETEC and ETEC/VTEC E. coli pathogens. These observations represent a good example for ''homing'' of virulence factors in the genome of an originally non pathogenic E. coli strain (see the behaviour of pTC cured strains - Table 2 ). In pTC, the collective occurrence of antibiotic resistance, the presence of toxin genes and conjugative functions may represent the co-evolution of different virulence factors in pathogenic E. coli.
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